List of Figures

List of Tables
Executive Summary
The A/M-Area is located in the northern section of the Savannah River Site (SRS) and consists of facilities that fabricated reactor fuel and target assemblies for the SRS reactors (M-Area), laboratory facilities (SRTC, formally SRL), and administrative and support facilities (A-Area). Operations at these and other facilities within the A/M Area resulted in the release of chlorinated volatile organic compounds (CVOC) to the subsurface. Significant CVOC contamination has been detected in the groundwater in the Northern Sector of the SRTC complex. This contamination has resulted from past uses and disposal of organic solvents in several SRTC facilities (Colven et al.,1988) . Waste solvents from degreasers and other SRTC operations facilities were discharged to the A-001 outfall via unlined earthen ditches and an underground process sewer.
CVOC contamination detected in water table wells in the Northern Sector of SRTC indicates that solvents discharged to the unlined ditches have seeped through the vadose zone and into the shallow groundwater. The purpose of this testing was to determine if a vadose zone source for the contamination remains and to begin collecting data to assist with determining the location of any significant source.
Vadose zone pumping tests were performed on water table monitoring wells MSB 47D, MSB 67D, and MSB 68D. These wells are located within the aqueous phase plume based on solvent concentrations measured in these wells as part of the SRS Groundwater Monitoring Program. Wells MSB 67D and MSB 68D produced soil vapor contaminated with CVOCs. MSB 47D, which exhibited the lowest aqueous phase solvent concentrations of the three wells, did not produce contaminated soil vapor. MSB 67D was pumped for a period of 10.76 days at a flow rate of 12.6 scfm and produced a total of 0.17 pounds of trichloroethylene. Two pumping tests were performed on MSB 68D. For the first test, MSB 68D was pumped for a period of 4.68 days at a flow rate of 32.3 scfm and produced 1.31 pounds of trichloroethylene. For the second test, MSB 68D was pumped for a period of 5.84 days at a flow rate of 38.6 scfm and produced 2.28 pounds of trichloroethylene.
The results of this testing indicate that there is CVOC contamination in the vadose zone of the Northern Sector; however, the results are inconclusive as to the location of the source for the contamination. Based on the CVOC concentrations observed in the groundwater for the three wells tested compared to the CVOC concentrations observed in the soil vapor from each well, none of the three wells are located in the most contaminated portion of the vadose zone plume. MSB 68D appears to be closest to a contaminated area. Future investigations should be focused upon the area surrounding MSB 68D to determine the source and extent of the vadose zone contamination.
A Hantush-Jacob leaky aquifer model was used to describe the vadose zone in the Northern Sector in an effort to estimate the permeability of the unsaturated sediments. The transmissivity of the unsaturated sediments was estimated to be 0.96 ft 2 /min. The radial permeability of the sediments (k r ) was estimated to be on the order of 100 darcies, which is within the range previously measured for the central portion of A/M Area (Looney et al., 1991) . Leakage values produced by the model simulations were found to be extremely small. This suggests that gas flow in this vadose zone system is similar to water flow in a confined aquifer with a competent confining layer preventing leakage from the overlying sediments.
Background
The A/M-Area is located in the northern section of the Savannah River Site (SRS) and consists of facilities that fabricated reactor fuel and target assemblies for the SRS reactors (M-Area), laboratory facilities (SRTC, formally SRL), and administrative and support facilities (A-Area). Operations at these and other facilities within the A/M Area resulted in the release of chlorinated volatile organic compounds (CVOC), primarily trichloroethylene (TCE), perchloroethylene (PCE) and 1,1,1-trichloroethane (1,1,1-TCA) to the subsurface (Marine and Bledsoe, 1984) . These releases have resulted in the contamination of the soil and groundwater within the area.
Significant CVOC contamination has been detected in the groundwater in the Northern Sector of the SRTC complex. This contamination has resulted from past uses and disposal of organic solvents in several SRTC facilities (Colven et al.,1988) . Waste solvents from degreasers and other SRTC operations facilities were discharged to the A-001 outfall via unlined earthen ditches and an underground process sewer. Seepage of solvents from the unlined ditches has resulted in the contamination of both the vadose zone and the groundwater in the Northern Sector of SRTC.
CVOC contamination has been detected in well clusters MSB 47, MSB 67, and MSB 68. Figure 1 shows the layout of the well clusters in relation to nearby SRTC facilities. Table 1 gives the most recent trichloroethylene concentrations reported for the water table wells MSB 47D, MSB 67D, and MSB 68D. These results clearly show that volatile organic contaminants have reached the groundwater in this area. Unlike well clusters MSB 67 and 68, the maximum TCE concentrations observed in the MSB 47 cluster occur in the deeper wells. This suggests that contaminant migration has been more vertical than lateral (Colven et al., 1988) . The A1/A2 air stripper system was placed into service to address the CVOC contamination in the groundwater in the Northern Sector of SRTC. The purpose of the air stripper was to treat the contaminated groundwater, and to provide hydraulic control of the contaminant plume to prevent it from migrating to the deeper aquifer systems.
The purpose of this testing was to determine if a vadose zone source for the contamination remains and to begin collecting data to assist with determining the location of any significant source. To date, there have been no characterization efforts undertaken to identify any vadose zone source for CVOC contamination in the Northern Sector of SRTC. In an effort to begin to identify and address any contamination source, soil vapor extraction (SVE) testing was undertaken on wells MSB 47D, MSB 67D, MSB 68D. These wells were chosen because of their proximity to the suspected source, the presence of dry screen, and because of the significant TCE concentrations measured in the groundwater from these wells. This testing represents the first step towards determining the source location for the vadose zone contamination. The results of this study are intended to aid in determining the path forward for remediation efforts for the Northern Sector.
Objectives
The objectives of the Northern Sector A-Area SVE testing were to establish the presence of CVOCs in the vadose zone in the vicinity of the test wells, and to collect data to assist in locating the source of the contamination.
Test Methods
SVE Testing
The Northern Sector SVE testing was conducted using the wells identified in Table 1 . Figure 1 gives the location of the test wells in relation to the SRTC facilities. A portable, trailer mounted SVE unit was used for testing purposes. The unit consisted of a Tuthill™ Model 5507 heavy duty, high pressure, rotary type blower driven by a 25 HP 3φ 480 VAC motor. Power was supplied to the system with a portable diesel generator. The unit featured a variable speed controller with pressure and temperature protection. The unit was equipped with inlet and outlet silencers for noise control, and a cyclone separator on the inlet side to protect the blower from particulate matter in the air stream. Figure 2 gives a picture of the soil vapor extraction unit (SVEU).
The SVEU was connected to each well using 2 inch diameter heavy duty Newflex® spiral reinforced PVC flexible tubing manufactured by NewAge Industries, Inc. The Newflex® tubing was connected to each well using a well head assembly constructed of Schedule 40 PVC pipe. All connections were made using standard hose clamps. Teflon tape and RTV (room temperature vulcanization) silicone sealant were used as necessary to seal the connections. Air flow rate for each extraction well was measured using a LFG&E ORIPAC one inch diameter orifice plate flow meter. A differential pressure gauge (Magnehelic) was used to monitor the pressure drop across the plate. The differential pressure measurements were converted to flow rates using textbook equations for obstruction type flow devices (White, 1979) .
Soil Gas Sampling and Analysis
Three single well extraction tests were conducted on wells MSB 47D, MSB 67D, and MSB 68D. During each test, a portable Bruel & Kjaer (B&K) Model 1302 infrared photoacoustic multi-gas monitor was used to monitor CVOC concentrations from each extraction well. The B&K uses a photoacoustic infra-red detection method to analyze for CVOCs in the gas stream.
The B&K was configured to analyze for trichloroethylene, perchloroethylene, carbon tetrachloride, and carbon dioxide. Carbon dioxide was used to indicate the origin of the gas stream and to verify the seal between the blower and the extraction well. Soil gas and atmospheric air exhibit different concentrations of carbon dioxide gas. The concentration of carbon dioxide in atmospheric air is on the order of 500 ppmv, whereas soil gas carbon dioxide concentrations in the vadose zone (SRTC area) have been observed to be on the order of 13,000 ppmv.
Confirmation grab samples were routinely collected from the gas stream using a small vacuum pump and Tedlar TM bags. These samples were analyzed within 24 hours of collection using a Hewlett Packard 5890 gas chromatograph equipped with a flame ionization detector (FID), electron capture detector (ECD), and a mass spectrophotometer. The samples were analyzed for trichloroethylene, carbon tetrachloride, perchloroethylene. The results of these samples were used to verify the operation of the B&K multigas monitor.
Pressure Monitoring
For each test, the two wells not being pumped were used to monitor the air pressure in the vadose zone. These wells were fitted with press on PVC caps modified with tubing connections. One eighth inch polyethylene tubing was used to transmit air pressure from each well to a data logger. Air pressure in the vadose zone was monitored using a data logger equipped with a differential pressure transducer, a barometer, and a computer operated manifold.
Results
Vadose zone pumping tests were performed on wells MSB 47D, MSB 67D, and MSB 68D located in the Northern Sector of SRTC. Testing was conducted with a portable trailer mounted SVEU. The unit was operated on each well at the maximum possible vacuum without causing the water level in the well to surge above the dry portion of the screen. The vacuum setting for each well was determined based on field observations and resulted in different flow rates for each well. Figure 3 shows the screened length for each well and the water level elevation in each well. This figure clearly shows that each well had dry screen making each suitable for SVE testing. Each test was operated for a period of sufficient duration to observe soil gas concentrations from each well and determine if significant changes in concentrations were occurring.
Contaminant Removal
The SVEU was operated on MSB 47D for a period of 6.8 days (163.2 hrs) at an average flow rate of 18.5 scfm ( Table 2 ). CVOCs were not detected in the soil vapor from MSB 47D. This is consistent with soil gas sampling results reported by Colven et al. (1988) , and corroborates the determination made by Colven et al. (1988) that migration of the contaminants away from the source has been primarily vertical rather than lateral. This is substantiated by TCE concentrations measured in the deeper wells of the cluster which range on the order of 2000 to 3000 µg/L (MSB 47C) compared to 1 to 2 µg/L for MSB 47D. Furthermore, the MSB 47 well cluster is located within a few hundred feet of a suspected source. Any significant lateral migration of the contaminant plume through the vadose zone in the direction of the MSB 47 well cluster would have likely resulted in CVOCs in the offgas from the SVE testing. Drawdown data collected while testing MSB 47D are presented in Appendix A, Table A-1.
The SVEU was operated on MSB 67D for a period of 10.8 days (258.3 hrs) at an average flow rate of 12.6 scfm ( Table 2) . TCE was detected in the soil vapor from MSB 67D, but the concentrations were relatively low compared to the dissolved phase concentrations observed in the groundwater (Table 1) . No other CVOC was measured above the detection limit. Figure 4 shows the TCE concentration as a function of time for the test. TCE concentrations in the soil vapor ranged from 1.1 to 4.5 ppmv with concentrations increasing over the duration of the test. The low concentrations of TCE in the soil vapor indicates that MSB 67D is located away from the main area of vadose zone contamination. The increase in TCE concentration in the soil vapor suggests that relatively cleaner air in the vicinity of the well was replaced by more contaminated air as the vadose zone contaminant plume was influenced by pumping the well. Figure  5 shows the cumulative mass of TCE removed as function of time. A total of 0.17 pounds of TCE was removed from the vadose zone over the course of the test. Drawdown data collected while testing MSB 67D are presented in Appendix A, Table A-2.
Two vadose zone pumping tests were performed on MSB 68D. For the first test, MSB 68D was pumped for a period of 4.68 days at a flow rate of 32.3 scfm. During this test, a confirmation grab sample analyzed by gas chromatograph revealed an error with the B&K. Consequently, continuous VOC measurements were not obtained as part of the first test; however, based upon the grab sample, the TCE concentration in the soil vapor was 18.0 ppmv. Based on this concentration, a total of 1.31 pounds of TCE was removed from the vadose zone during the first test.
SVE testing was conducted a second time on MSB 68D to examine changes in VOC concentrations in the soil gas over time. During the second test, the SVEU was operated on MSB 68D for a period of 5.8 days (140.1 hrs) at an average flow rate of 38.6 scfm. TCE was detected in the soil vapor from MSB 68D; however, as with MSB 67D, the concentrations were relatively low compared to the dissolved phase concentrations observed in the groundwater (Table 1) . No other CVOC was measured above the detection limit. Figure 6 shows the TCE concentrations as a function of time for the test. TCE concentrations in the soil vapor ranged from 19.8 to 20.7 ppmv with concentrations decreasing initially and then remaining relatively stable over the remainder of the test. These results indicate that MSB 68D is potentially located within a vadose zone contaminant plume, but it is still some distance from the source based on the low concentrations of TCE in the soil vapor. Figure 7 shows the cumulative mass of TCE removed as a function of time for the second test. For the second test at MSB 68D, 2.28 pounds of TCE was removed from the vadose zone. Drawdown data collected while testing MSB 68D are presented in Appendix A, Tables A-3 and A-4.
Vadose Zone Modeling
Model Description
The pressure response of the vadose zone due to SVE pumping was modeled in order to estimate the permeability of the unsaturated sediments. Drawdown data from the first pumping test performed on MSB 68D was used in the analysis. This test was chosen because the data set included both the drawdown and recovery periods, and because this test produced the greatest amount of drawdown in the observation well.
Barometric pressure fluctuates almost continually even during periods of high pressure. These pressure fluctuations are transmitted through the unsaturated subsurface in the form of pressure waves which are typically damped and delayed to degrees dependent on the effective permeability of the unsaturated media (Buckingham, 1904; Weeks, 1978) . As a result of the attenuation and delay of the transmitted pressure wave, at a given time, the atmospheric pressure at the surface and the soil gas pressure in the subsurface will be different (Rossabi, 1999) . The dampened pressure wave associated with barometric pressure fluctuations is manifested in any data collected from a pumping test. Thus, it is necessary prior to interpreting data from vadose zone pumping tests, to separate out the barometric component. This is particularly important when the measured drawdown is expected to be on the same scale as the barometric fluctuations. A common method for separating out barometric effects is to make use of a reference well (Massmann, 1989) . Ideally, the reference well is located out of the area of influence of the pumping test, but screened within the zone of interest. Subsurface gas pressure is monitored in the reference well in addition to the observation wells used in the pumping test. Because the reference well is distant from the pumping well, there will be minimal drawdown observed at that location. Therefore, fluctuations in gas pressure in the reference well can be directly attributed to fluctuations in barometric pressure and the propagation of these fluctuations through the geologic section. The pressure wave from the reference well is then used to correct the pressure waves measured in the observation wells for barometric pressure fluctuations. This method was chosen for the analysis of the pumping data from MSB 68D.
For analysis purposes, MSB 47D was designated as the observation well. MSB 47D is located about 250 ft from the pumping well (MSB 68D), which is near the outer limits of the radius of influence of the test. This is corroborated by the small drawdown values measured at MSB 47D (~0.2 in H 2 O). MSB 67D is located about 335 ft from the pumping well. Drawdown in MSB 67D was determined to be negligible and it was subsequently designated as the reference well.
Differential pressure was measured in both MSB 47D and 67D. Barometric pressure data was obtained from the SRTC weather center. The absolute gas pressure in each well was determined by adding the differential pressure to the barometric pressure. The absolute pressure measured in MSB 47D was then subtracted from the absolute pressure measured in MSB 67D. This removed any barometric fluctuations from the observation data. All pressure measurements were logged in units of millibars, which were converted into units of feet of water. The units of feet of water were then converted to feet of air by multiplying by the ratio of the density of water to the density of air.
The data from the test was analyzed using the program AQTESOLV, which is a program designed for pump test analysis (Geraghty and Miller Inc., 1996) . A type curve matching procedure was employed using a model for leaky aquifers with partially penetrating wells. The model used was developed by Hantush and Jacob (1955) and Hantush (1961a and b) to analyze data from pumping tests in leaky aquifers. It has been shown that under certain conditions, standard techniques used to model groundwater pumping tests may also be used in the interpretation of data from vadose zone pumping tests (Massmann, 1989; Massmann and Madden, 1994) . In the case of a vadose zone pumping test, the fluid is air rather than water. Massmann (1989) gives the assumptions and limitations associated with modeling gas transport with conventional groundwater transport equations. One of the more significant assumptions is that gas transport can be modeled using the equation for incompressible fluid flow. Massmann (1989) found that for pressure variations on the order of one half atmosphere or less this assumption is valid. For the Northern Sector SVE testing, pressure variations were less than one tenth of an atmosphere.
Parameters used in the Hantush-Jacob model for leaky aquifers includes the saturated thickness of the aquifer, the thickness of the overlying confining layer, and the zone of penetration of the pumping and observation well (or wells). For the case of a vadose zone pumping test, the fluid is air and the "saturated thickness" is equal to the thickness of the unsaturated zone minus the confining layer. For the Northern Sector, the confining layer was taken to be 60 feet in thickness based upon lithologic logs prepared during the installation of the MSB 68 well series. The water table was taken as the underlying no flow boundary condition in the Hantush-Jacob leaky aquifer model. A "saturated thickness" of 72.5 feet was used to describe the sediments between the water table and the confining layer. A storage coefficient of 0.00065 was calculated based on a saturation value of 0.3 for the unsaturated zone. For modeling purposes, the storage coefficient was fixed to 0.00065 and transmissivity and leakage were iterated to produce the best fit of the data. Figure 8 gives the results of the simulation. The transmissivity of the unsaturated sediments was estimated to be 0.96 ft 2 /min. The radial permeability of the sediments (k r ) was estimated to be on the order of 100 darcies, which is within the range previously measured for the central portion of A/M Area (Looney et al., 1991) . The vertical permeability (k z )of the sediments was estimated to be about 3 darcies. Leakage values produced by the model simulations were found to be extremely small (1X10 -20 ). This suggests that gas flow in this vadose zone system is similar to water flow in a confined aquifer with a competent confining layer preventing leakage from the overlying sediments. This model is consistent with the lithologic logs from MSB 68 well series which show a clay layer at about 60 ft bgs. In this case, the Theis (1935) confined aquifer model with no leakage would be expected to yield the same results as the Hantush-Jacob leaky model.
Model Results
Summary
Vadose zone pumping tests were performed on wells MSB 47D, MSB 67D, and MSB 68D. Wells MSB 67D and MSB 68D produced soil vapor contaminated with CVOCs. MSB 47D did not produce contaminated soil vapor. MSB 67D was pumped for a period of 10.76 days at a flow rate of 12.6 scfm and produced a total of 0.17 pounds of trichloroethylene. Two pumping tests were performed on MSB 68D. For the first test, MSB 68D was pumped for a period of 4.68 days at a flow rate of 32.3 scfm and produced 1.31 pounds of trichloroethylene. For the second test, MSB 68D was pumped for a period of 5.84 days at a flow rate of 38.6 scfm and produced 2.28 pounds of trichloroethylene.
Based on the CVOC concentrations observed in the groundwater for the three wells tested compared to the CVOC concentrations observed in the soil vapor from each well, none of the three wells are located in the most contaminated portion of the vadose zone plume. MSB 68D appears to be closest to the contaminated area. Future investigations should be focused upon the area surrounding MSB 68D to determine the source and extent of the vadose zone contamination.
A Hantush-Jacob leaky aquifer model was used to describe the vadose zone in the Northern Sector. The transmissivity of the unsaturated sediments was estimated to be 0.96 ft 2 /min. The radial permeability of the sediments (k r ) was estimated to be on the order of 100 darcies, which is within the range previously measured for the central portion of A/M Area (Looney et al., 1991) . Leakage values produced by the model simulations were found to be extremely small. This suggests that gas flow in this vadose zone system is similar to water flow in a confined aquifer with a competent confining layer preventing leakage from the overlying sediments. 
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Figure 7. Cumulative TCE Mass Removed as a Function of Time for Test 4 on MSB 68D
